INTRODUCTION {#S5}
============

Inherited retinal degenerations (IRDs) are important causes of blindness affecting more than 2 million people worldwide^[@R1]^. IRDs are a family of blinding diseases characterized by progressive death and dysfunction of rod and cone photoreceptor cells ^[@R1],[@R2]^. There are several major clinical subtypes of IRDs, where the most common is retinitis pigmentosa (RP) also called rod-cone dystrophy, which accounts for roughly 25% of vision loss in adults^[@R2]^. Other subtypes of IRDs have been reported, e.g. affecting predominantly cones and/or the macula, or pan-retinal degenerations such a Leber Congenital Amaurosis^[@R1]^. Retinal degeneration is also one of the clinical manifestations of syndromic disorders such as Usher or Bardet-Biedl syndromes^[@R1],[@R2]^. Even though distinct IRD subtypes have been identified, there is considerable phenotypic overlap between the different types of IRD, which becomes even more apparent upon genetic testing^[@R1]^.

IRDs are mostly monogenic, with over 200 genes associated with the isolated or syndromic forms^[@R3]^. However, despite substantial progress in sequencing and new disease gene discovery, current strategies can genetically solve only about 55--60% of IRD cases^[@R4]--[@R7]^. The high number of unsolved cases can be attributed to as yet-unidentified IRD genes or elusive mutations in the known disease genes. The latter may include silent mutations leading to aberrant splicing, deep intronic mutations, or structural variations (SVs), examples of which were previously identified in IRD disease genes^[@R8]--[@R11]^.

SVs include large insertions and deletions also called copy number variations (CNVs), inversions, translocations and other complex genomic rearrangements^[@R12]^. They are not readily detected by targeted next-generation sequencing (NGS) or Sanger sequencing approaches. Therefore, we hypothesized that the presence of SVs is one of the reasons why the molecular cause of disease in many IRD patients remains elusive. We investigated CNVs in 28 genetically unsolved families using a dense SNP-array (Illumina Human Omni 2.5/5.0) and/or a genome-wide Comparative Genomic Hybridization (CGH) array. We detected large deletions in known IRD disease genes in five families, demonstrating that a combined approach of targeted NGS and deletion mapping can lead to an estimated diagnostic rate of 67% of IRD cases. In two families we detected an essentially the same 1.1 Mb deletion, spanning two IRD genes (*SNRNP200* and *CNNM4*). The recurrent deletion likely occurred through the mechanism of non-allelic homologous recombination (NAHR), where the rearranged genomic regions are flanked by paralogous repeat sequences^[@R12]^. We have therefore created a genome-wide map of NAHR-prone regions and superimposed known IRD genes. Overall 35 IRD genes and four genes with deletions reported in this study (*SNRNP200, CNNM4, OPN1LW and OPN1MW*) matched these regions.

MATERIALS AND METHODS {#S6}
=====================

Patient cohort {#S7}
--------------

The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Boards of Massachusetts Eye and Ear Infirmary (MEEI, Harvard Medical School) and The Children's Hospital of Philadelphia (CHOP, University of Pennsylvania Perelman School of Medicine). The patients included in the study were recruited and clinically examined at MEEI and/or CHOP. Patients underwent a full ophthalmic examination which included best-corrected Snellen visual acuity, dynamic Goldmann visual field testing with the I-4e and V-4e objects of Goldmann, dark adaptation testing performed after 45 minutes of dark adaptation with an 11° white test light in the Goldmann-Weekers dark adaptometer and full-field electroretinographic (ERG) testing with assessment of 0.5 Hz ERG amplitude and 30 Hz ERG amplitudes (MEEI) and an ISCEV-standard ERG testing (CHOP). After patients signed informed consent, blood samples were collected from patients and available family members for DNA extraction and genetic analysis.

Selective exon capture and whole exome sequencing (WES) {#S8}
-------------------------------------------------------

For custom selective exon capture, paired-end SureSelect targeted enrichment capture libraries (Agilent Technologies, Santa Clara, CA) were generated and sequenced on a MiSeq NGS platform (Illumina, San Diego, CA) as previously described^[@R4]^. Targeted enrichment included 258 known monogenic inherited retinal degeneration genes^[@R3],[@R4]^. For WES, targeted enrichment capture libraries were generated using the SureSelect Human All Exon targeted enrichment kit (V4+UTR, Agilent Technologies) and sequenced using a HiSeq 2000 NGS instrument (Illumina) as before^[@R13]^. The NGS data was analyzed as previously described^[@R4],[@R13]^ with annotations taken from dbSNP (<http://www.ncbi.nlm.nih.gov/SNP/>), Exome Aggregation Consortium (ExAC), 1000 Genomes Project, UK10K project data (<http://www.uk10k.org/>), Genomic Evolutionary Rate Profiling (GERP), SIFT, PolyPhen2 and retinal expression^[@R14]^. Rare variants were selected based on the minor allele frequency (MAF) in public databases of less than 0.5%.

Mutations were annotated based on the following transcripts: *CNNM4* (NM_020184), *DMD* (NM_004007), *EYS* (NM_001142800), *GPM6B* (NM_001001995), *KRT84* (NM_033045), *MMGT1* (NM_173470), *PDE6C* (NM_006204), *PNPLA4* (NM_004650), *SNRNP200* (NM_014014), *STARD9 (*NM_020759) and *ZNF449 (*NM_152695).

Copy Number Variation (CNV) Analysis {#S9}
------------------------------------

Genomic DNA (gDNA) samples from probands and family members were analyzed with dense whole-genome SNP microarrays (Human Omni 2.5 or Human Omni 5.0, Illumina) according to the manufacturer's instructions. The hybridized SNP arrays were analyzed using an array reader (iScan array scanner, Illumina) and the SNP calls were made with the genotyping module of the data analysis software (GenomeStudio, Illumina). A custom SNP genotyping report containing 1) SNP chromosome coordinates, 2) genotyping calls, 3) logR ratios, and 4) B-allele frequencies (BAF) was generated for each patient, followed by analysis using the CNV Workshop Suite^[@R15]^.

A genome-wide CGH array enriched with high density probes against the IRD disease genes was designed with the eArray online tool (4 × 180K microarray, Agilent Technologies), as described previously^[@R4]^. The high probe density enables detection of single exon deletions if more than one probe targets the exon. Samples were prepared using sex-matched control gDNA provided with the kit according to standard methods (SureTag Complete DNA Labeling Kit, Agilent Technologies). CGH analysis was done using CytoGenomics software (Agilent Technologies).

Quantitative real time PCR (qRT-PCR) {#S10}
------------------------------------

Deletions were validated and fine mapped using qRT-PCR on gDNA with primers specific to sequences flanking the presumed deletion breakpoint and normalized to two reference genes *ZNF80* and *GPR15* ([Table S1](#SD1){ref-type="supplementary-material"}). For each qRT-PCR reaction 5 ng of gDNA, 200 nM of each primer and 10 µl of Fast SYBR Green master mix (Life Technologies, Grand Island, NY) were used. The amplification was performed in a qPCR system (Stratagene Mx3000P®, Agilent Technologies) using the standard thermo-cycling program: 95°C for 3 min, 40 cycles of 95°C for 20 s, 60°C for 1 min followed by a melting curve. Each sample was assayed in triplicate, with two reference genes at each run (*ZNF80* and *GPR15*). The standard deviation reflecting normalization to each of the reference genes was calculated and presented as the error bars.

PCR and Sanger sequencing {#S11}
-------------------------

The validation of deletion breakpoints in families OGI-086 and OGI-036 was performed by PCR amplification using Herculase II fusion DNA Polymerase (Agilent Technologies) with the following primers: 5'-GACAGAGAGAAACTGGTCTC-3' (OGI-086-Forward), 5'-CTTGTAGGTCAGGTGACTAG-3' (OGI-086-Reverse), 5'-TAATTACAAAGGATTTGCAGGGAACAAG-3' (OGI-036-Forward), 5'-CAGACGCAGTACGCAAAGAT-3' (OGI-036-Reverse). The amplification conditions were the following: 92°C for 2 minutes; 36 cycles of 92°C for 20 seconds, 62°C for 30 seconds and 68°C for 1 minute (OGI-086) and 92°C for 2 minutes; 36 cycles of 92°C for 20 seconds, 58°C for 30 seconds and 68°C for 6 minutes (OGI-036). Sanger sequencing was performed after PCR cleanup (ExoSap-IT, Affymetrix, Santa Clara, CA, USA) and sequenced (BigDye Terminator v3.1, ABI 3730xl, Life Technologies) using the PCR primers.

Generating non-allelic homologous recombination (NAHR) prone regions {#S12}
--------------------------------------------------------------------

Segmental duplication track was obtained from the USCS genome browser (<http://genome.ucsc.edu/>) using the GRCh37/hg19 genome assembly. The regions were filtered to contain repeat pairs according to the following criteria: \>10kb long regions, \>95% identity, with intervening sequence between 50 kb and 10 Mb and not spanning the centromere. Direct and inverted repeats are included. The overlapping regions were subsequently merged to obtain 156 regions spanning ≈300Mb of genomic sequence ([Table S2](#SD1){ref-type="supplementary-material"}). Similar methodology was applied by Liu and colleagues^[@R12]^. IRD genes were superimposed unto the NAHR regions ([Figure 4](#F4){ref-type="fig"}) using NCBI Genome Decoration Page (<http://www.ncbi.nlm.nih.gov/genome/tools/gdp>)

RESULTS {#S13}
=======

Twenty-six families previously unsolved with whole-exome sequencing (WES) and two families with apparently homozygous mutations in known IRD genes were studied for deletions with a dense whole-genome SNP-array (Illumina Human Omni 2.5/5.0) and/or a CGH array. Using these techniques we detected large deletions in IRD genes in five families ([Table 1](#T1){ref-type="table"}). These copy number variations (CNVs) were further validated using PCR and quantitative real-time qRT-PCR.

Patient OGI-046-116 presented with retinitis pigmentosa (RP) at age 9. Fundus examination showed early bone spicule pigmentation in the retinal peripheries of both eyes. The patient had constricted visual fields and elevated dark adaptation thresholds ([Table S3](#SD1){ref-type="supplementary-material"}). OCT imaging showed thinning of the peripheral retina and cystic changes in the macula. The proband and his parents were studied with WES, which revealed a hemizygous missense variant (c.3133C\>A, p.Pro1045Thr) in *SNRNP200* \[MIM \#601664\], a gene typically associated with a dominant form of RP^[@R16]^. This variant was previously reported in a Chinese cohort of LCA patients; however no details of phenotype, family segregation or functional analysis of the variant were available^[@R17]^. The p.Pro1045Thr change is rare (2/104,468 alleles in the ExAC database) and the Pro1045 residue is conserved throughout all vertebrates available in the UCSC genome browser ([Figure S1](#SD1){ref-type="supplementary-material"}), therefore this variant was considered to be likely pathogenic as a recessive allele. The p.Pro1045Thr change was heterozygous in the father (OGI-046-114) but absent in the mother, which suggested the possibility of a deletion of *SNRNP200* in *trans* with the missense mutation.

Results from a dense SNP chip indicated a deletion of 1.4 Mb (chr2: 96741757-98188430) in the proband. CGH array analysis and estimation of the homozygosity stretch identified by WES narrowed down the interval to 1.1 Mb (chr2:96755045-97823903) ([Figure 1A](#F1){ref-type="fig"}). This region encompasses 20 genes, including *SNRNP200*, and *CNNM4* \[MIM \#607805\], a gene associated with a cone-rod dystrophy and amelogenesis imperfecta^[@R18],[@R19]^, known as Jalili syndrome. Further qPCR validation in all family members indicated that this is a *de novo* deletion ([Figure 1C](#F1){ref-type="fig"}). The absence of the deletion in the mother was further confirmed by 4 heterozygous SNPs in *ADRA2B* (rs34667759), *ASTL* (rs183967306 and chr2:g.96803404C\>T) and in *TMEM127* (rs13022177), all within the deleted region in the proband. In addition, whole genome SNP analysis of the proband and his mother confirmed the family relationship.

Interestingly, we found another family with a deletion of the same region (Family OGI-023, [Figure 1D](#F1){ref-type="fig"}). In this family, the proband presented with the combination of cone dystrophy and amelogenesis imperfecta, typical of Jalili syndrome, at age 11 ([Table S3](#SD1){ref-type="supplementary-material"}) ^[@R18],[@R19]^. Targeted genetic testing showed a homozygous nonsense mutation (c.480G\>A, p.Trp160\*) in *CNNM4*. Segregation analysis revealed that while the subject's father carried the mutation ([Figure 1D](#F1){ref-type="fig"}), his mother's sequence was wild type at this location. To determine if this result was due to a maternally inherited deletion involving *CNNM4*, we analyzed the family using a dense SNP chip and a CGH array. These analyses identified a \~1.1Mb multigenic deletion involving *CNNM4* and *SNRNP200* in both the proband and the mother, which was confirmed and fine-mapped by qPCR analysis ([Figure 1E](#F1){ref-type="fig"}). The qPCR analyses demonstrated that the deletion in both families occurs between the *GPAT2* and *ANDRA2B* genes on the 5' side and *ANKRD36* and *ZAP70* on the 3' end. Unfortunately, we were not able to map the exact breakpoints in this family due to highly repetitive regions near the centromere. These highly repetitive regions flanking the deletion were at the same time informative about the possible mechanism of this CNV, since recurrent genomic rearrangements often occur through NAHR, between long highly homologous sequences on the same chromosome^[@R12]^. Indeed, we found that the deleted region is flanked by ≈16kb repeats bearing 98.5% sequence identity (chr2: 96598520- 96614694 and chr2: 97820062- 97836456).

Patient OGI-086-213 was diagnosed with RP at age 13. During his last visit at age 18, he was found to have bilateral constricted visual fields and reduced ERG responses, bone spicule pigmentation in the retinal periphery and granularity in the macula ([Table S3](#SD1){ref-type="supplementary-material"}). In addition, examination of the anterior chamber of the eye showed bilateral anterior polar cataracts. Similar cataracts were also present in the father, who did not have any symptoms of visual impairment and whose retina showed no clinical signs of degeneration upon fundus examination. WES analysis showed rare variants in 7 genes ([Table S4](#SD1){ref-type="supplementary-material"}), none of which were previously associated with IRD. CNV analysis performed using the SNP array revealed a heterozygous 28 kb deletion on chromosome 19 in the proband and the father, which affected four genes: *OSCAR*, *NDUFA3*, *TFPT* and *PRPF31* ([Table 1](#T1){ref-type="table"}). Mutations in *PRPF31* are known to cause a dominant form of RP \[MIM \#600138\], where the disease is caused by haploinsufficiency and large deletions have been documented to be pathogenic^[@R11]^. In addition, partial penetrance is a common feature in families with mutations in this gene, where the wild-type allele can have a disease-rescuing effect ^[@R20],[@R21]^. Therefore, the unaffected status of the father was not surprising. The large deletion, which included *PRPF31*, was considered as the most likely cause of disease in the proband. This deletion was subsequently confirmed by qPCR and the breakpoints were PCR amplified and Sanger sequenced, which showed the deletion to be exactly 33,932 bp (chr19:54602436-54636367) ([Figure 2](#F2){ref-type="fig"}).

Patient OGI-014-038 had decreased vision and difficulty with night vision since age 15 and he was diagnosed with RP at age 33 ([Table S3](#SD1){ref-type="supplementary-material"}, [Figure 3A and B](#F3){ref-type="fig"}). The proband and his unaffected family members were genetically investigated with WES and with the dense SNP array. WES analysis revealed rare coding changes indicative of recessive disease in 3 genes*: PNPLA4* (homozygous c.575C\>T, p.Pro192Leu); *KRT84* (heterozygous c.1327C\>T, p.Arg443Trp and heterozygous c.364T\>G, p.Phe122Val) and *STARD9* (heterozygous c.5584_5589del, p.Ser1862_Thr1863del and heterozygous c.8803G\>C, p.Glu2935Gln), none of which were previously associated with IRD. Additional rare coding changes in *trans* with non-coding variants in 5 genes were identified ([Table S4](#SD1){ref-type="supplementary-material"}). Two heterozygous variants in known autosomal recessive IRD genes were found: a paternally inherited mutation in *EYS* (c.9036delT, p.Leu3013Sfs\*6) and a maternally inherited variant in *PDE6C* (c.413T\>C, p.Leu138Ser). These sequence alterations were not sufficient to explain the disease, however the subsequent CNV analysis revealed a heterozygous maternally inherited deletion of approximately 51 kb in *EYS*, encompassing exons 15--18, leading to a frameshift (c.2260_2846del, p.Ser754Ifs\*3). The above data suggested that *EYS* is the most likely cause of the disease in this patient. The *EYS* deletion was further mapped by qPCR, demonstrating that the deletion is between 55.4 and 56.7 kb in size, where the 5' breakpoint is 2.5--3.4 kb upstream of exon 15 (chr6:65659138-65658256) and the 3' breakpoint is 9.2--9.6 kb downstream of exon 18 (chr6:65602857-65602460) ([Figure 3C](#F3){ref-type="fig"}). Unfortunately, despite numerous attempts we were not able to PCR amplify across the breakpoints. This could be due to a more complex genomic rearrangement, such as translocation.

Patient OGI-036-091 and his half-brother OGI-036-336 presented with decreased visual acuity, reduced cone responses on full field ERG testing and decreased color vision ([Table S3, Figure S2A](#SD1){ref-type="supplementary-material"}). Dark adaptation was within normal limits. Fundus examination showed pigment granularity in the macula and OCT imaging showed normal retinal architecture and thickness in the periphery with a diminished photoreceptor layer centrally, indicative of cone dystrophy. Family history was consistent with an X-linked inheritance pattern, since maternal grandfather was reported to have a retinal dystrophy (no clinical data available) ([Figure S2B](#SD1){ref-type="supplementary-material"}). The family was studied with whole-exome sequencing to detect causative variants on chrX. With the frequency criteria described in the methods section we detected only four variants shared by the three affected males (OGI-036-091, 336 and 753), heterozygous in the obligate carrier (OGI-036-333) and absent in the father (OGI-036-334). These were three 3'UTR variants (*GPM6B* c.\*525T\>C, *ZNF449* c.\*1661A\>G and *MMGT1* c.\*2599T\>C) and one intronic change (*DMD* c.7173+13A\>G) ([Table S4](#SD1){ref-type="supplementary-material"}). None of these variants seemed likely pathogenic, we therefore performed SNP array analysis to detect deletions. Using this technique we detected a 15.6 kb deletion affecting the promoter region and exons 1--4 of *OPN1LW* ([Table 1](#T1){ref-type="table"}, [Figure S2C](#SD1){ref-type="supplementary-material"}), a gene known to be implicated in blue cone monochromacy^[@R22]^. PCR amplification of selected regions ([Figure S2D](#SD1){ref-type="supplementary-material"}), as well as amplification and Sanger sequencing across the breakpoints ([Figure S2E](#SD1){ref-type="supplementary-material"}) revealed a much larger deletion of 52,664 bp, which affects the entire *OPN1LW* gene with its promoter and the first exon of the adjacent *OPN1MW* ([Figure S2F](#SD1){ref-type="supplementary-material"}). In this family, the genetic diagnosis helped to refine the clinical diagnosis, which is likely blue cone monochromacy.

DISCUSSION {#S14}
==========

The results reported here indicate that CNVs contribute significantly to the genetic causality of IRDs. Of the 28 patients whose genetic cause of disease was not identified by panel based NGS testing or WES, likely disease-causing deletions were identified in five or 18% of cases. Four of the patients with deletions came from an original WES cohort of 56 patients; therefore we estimate that ≈7% of IRD patients carry large deletions in known IRD genes. This result has important implications for genetic diagnostic testing of patients with IRDs, as well as for studies seeking to identify novel IRD disease genes. The finding of the same deletion in two families with distinct causes of disease suggests that previously identified mechanisms that create SVs in the genome, such as NAHR, can create pathogenic alleles in IRD genes^[@R12],[@R23]^. This suggests that methods capable of detecting more complex forms of genomic rearrangement, such as WGS or single-molecule long read sequencing, will help identify novel genetic causes of IRD^[@R8],[@R24],[@R25]^. SVs can also be detected by other techniques such as fluorescence in situ hybridization (FISH), however this technique is more useful to test a candidate genomic rearrangement or validate results from other methods rather than unbiased detection of genome wide SVs^[@R26]^.

Patients from two unrelated families carried essentially the same deletion, which spanned two known IRD disease genes: *SNRNP200*^[@R16]^ and *CNNM4*^[@R18],[@R19]^. The deletion in patient OGI-023--057 was maternally inherited and in addition he carried a paternally inherited stop mutation in *CNNM4*, which correlated with his phenotype of cone dysfunction and amelogenesis imperfecta as part of Jalili syndrome and the recessive inheritance of *CNNM4*-associated retinal degeneration^[@R18],[@R19]^. The large deletion in patient OGI-046-116 occurred *de novo* and was accompanied by a likely pathogenic missense change in *SNRNP200* (p.Pro1045Thr) inherited from his father. The proband showed typical signs of non-syndromic rod-cone dystrophy ([Table S3](#SD1){ref-type="supplementary-material"})^[@R1],[@R2]^. This genotype is unusual, since previously *SNRNP200* was associated with dominantly inherited retinal degeneration^[@R16],[@R27]^ and there is only one report of recessive disease due to mutations in *SNRNP200*^[@R17]^. *SNRNP200* codes for an RNA helicase hBRR2, a component of the pre-mRNA spliceosome^[@R28]^. Mutations in other splicing genes (*PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, RP9*) were also associated with dominant RP^[@R29]--[@R34]^, where disease mechanism in patients with *PRPF31* mutations was shown to be haploinsufficiency ^[@R20],[@R21]^. Therefore, originally, we hypothesized that the disease in patient OGI-046-116 is due to the haploinsufficiency of *SNRNP200* and that the p.Pro1045Thr change has no functional effect, even though the amino acid residue is highly conserved ([Figure S1](#SD1){ref-type="supplementary-material"}). However, since we discovered another family with a large deletion encompassing *SNRNP200*, where the deletion carrier is unaffected (OGI-023--058), we concluded that missing one copy of *SNRNP200* is not sufficient to cause the disease. We believe that the p.Pro1045Thr mutation likely creates a hypomorphic allele, and the combination of hemizygosity for *SNRNP200* with the *p.Pro1045Thr* allele is compatible with life, but insufficient to maintain a healthy retina. Alternatively, the disease mechanism in *SNRNP200*-associated IRD is due to haploinsufficiency and the partial penetrance is due to other genetic factors, e.g. *SNRNP200* expression level from the wild-type allele, as was demonstrated for *PRPF31*^[@R20],[@R21]^. To test these hypotheses, however, a larger cohort of patients with *SNRNP200* deletions is needed and so far the only reported mutations were missense changes and one splice-site variant^[@R27]^.

Another unusual finding is that both families OGI-023 and OGI-046 carried the same deletion that occurred *de novo* in patient OGI-046-116. Such recurrent genomic rearrangements are thought to result from NAHR, where the rearranged sequence is flanked by paralogous repeat sequences^[@R12],[@R35]^. Indeed, the deleted interval of approximately 1.1 Mb, is flanked by ≈16kb repeats bearing 98.5% sequence identity. This region was also predicted to be prone to NAHR before^[@R12]^. Therefore, even though we are the first to report this 1.1Mb deletion encompassing *SNRNP200* and *CNNM4* associated with inherited retinal degenerations, we expect that this is a more common event. Deletion of this large region carries also additional implications, since other deleted genes may lead to phenotypes unrelated to IRDs, e.g. heterozygous loss-of-function mutations in *TMEM127* have been associated with susceptibility to pheochromocytoma^[@R36]^. None of the subjects from families OGI-023 and OGI-046 with a heterozygous deletion in *TMEM127* were reported to have pheochromocytoma or any other type of cancer.

Encouraged by the above example we hypothesized that other IRD genes may fall into the NAHR-prone regions and have recurrent CNVs. We therefore constructed a genome-wide map of NAHR regions and superimposed known IRD genes, implicated in isolated and syndromic disease ([Figure 4](#F4){ref-type="fig"}). We found that 35 IRD genes are likely to be affected by NAHR, 13 of which were never associated with a CNV before, 9 had large indels affecting only some exons of the gene and the remaining 13 had CNVs affecting the entire gene reported ([Figure 4](#F4){ref-type="fig"}, [Table S2](#SD1){ref-type="supplementary-material"})^[@R27]^. Among the genes likely affected by NAHR were *OPN1LW* and *OPN1MW*, deletion in which was associated with blue cone monochromacy in this study (family OGI-036). Other researchers have also reported deletions in this region^[@R37],[@R38]^, which validates our predictions of regions prone to recombination. We believe that identifying such recombination hotspots will facilitate searching for the missing genetic causality in IRD patients, and perhaps in patients with other Mendelian disorders.

The disease in the remaining two families was due to deletions in *PRPF31* and *EYS*. Even though new deleted regions were found in this study, structural variations in these genes were reported previously^[@R11],[@R39],[@R40]^. Deletions in *PRPF31* and *EYS* were also found to be major contributors to IRD pathology by other researchers, accounting for 2.5% of adRP and 4% of previously unsolved arRP cases respectively ^[@R11],[@R39]^. These genes do not lie in the proximity of the NAHR regions and therefore other mechanisms of structural variations are likely implicated^[@R35]^. Before ascertaining that the disease in proband OGI-014-038 is due to disruption of *EYS*, there were three potential candidates for new genetic types of IRD. Variants in these three genes (*PNPLA4, KRT84* and *STARD9*) were rare, affecting conserved residues and the genes were expressed in the retina ([Table S4](#SD1){ref-type="supplementary-material"}). It seems therefore imperative that CNVs in the known disease genes be investigated before new gene-disease associations are reported.

In summary, we detected deletions that contribute to the disease in five out of 28 IRD patients. The high rate of CNVs (≈18%) in the families that were not previously solved by the targeted NGS approaches indicates that these types of mutations are the frequent cause of the missing inheritance in IRDs and CNV detection should be included in genetic diagnostic testing. We expect that the integrated approach of the targeted NGS and CNV mapping could provide a genetic diagnosis for up to 67% of IRD cases (60% by NGS^[@R4]--[@R7]^ and additional 7% from CNV mapping). The techniques used in the present study (SNP and CGH arrays) can only detect large deletions or duplications, which is inherent to these techniques that rely on the color or strength of the fluorescence signal after hybridization of the gDNA to specific probes complementary to the target regions of the genome. Smaller CNVs, which are not targeted by the genome-wide probes in the arrays, as well as translocations, inversions or other complex structural rearrangements, which will not alter the intensity of the fluorescence signal, cannot be detected by SNP and CGH arrays. Consequently, it is possible that SVs in known IRD genes are a more important contributor to disease than detected in this study. Other researchers proposed using the NGS read-depth to infer CNVs, which also increased the genetic diagnostic rate of IRDs^[@R40]^. The read-depth analysis of NGS reads has similar limitations, therefore whole-genome-sequencing may be necessary to map certain SVs, as shown before^[@R8]^.
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![Deletion mapping in families OGI-046 and OGI-023\
A) A heterozygous deletion of 20 genes on chr2q12.1 found in family OGI-046 by CGH and SNP arrays, and validated by SNPs found in WES B) Pedigree of family OGI-046 with mutant allele segregation indicated. C) Fine mapping of the deletion by qPCR in family OGI-046. D) Pedigree of family OGI-023 with mutant allele segregation indicated. E) Fine mapping of the deletion by qPCR in family OGI-023. Each primer pair in the qPCR experiments was normalized to two reference genes *GPR15* and *ZNF80*, where the error bars represent standard deviation between these results.](nihms819557f1){#F1}

![Deletion mapping in family OGI-086\
A) Pedigree of family OGI-086 with mutant allele segregation. B) Fine mapping of the deletion by qPCR with deleted genes indicated (error bars represent standard deviation between two normalization genes *GPR15* and *ZNF80*). C) PCR amplification across the breakpoints. D) Sanger sequencing electropherogram showing the precise position of the deletion.](nihms819557f2){#F2}

![Deletion mapping in family OGI-014\
A) Pedigree of family OGI-014 with mutant allele segregation. B) Composite fundus photograph of the left eye of patient OGI-014-038. C) Fine mapping of the deletion by qPCR with four deleted exons of *EYS* indicated (error bars represent standard deviation between two normalization genes *GPR15* and *ZNF80*).](nihms819557f3){#F3}

![Non-allelic homologous recombination prone regions and IRD genes\
NAHR-prone regions (green bars) were computationally predicted using the following criteria: \>10kb long regions of \>95% identity, with intervening sequence between 50 kb and 10 Mb and not spanning the centromere. Direct and inverted repeats are included. IRD genes overlapping the NAHR-prone regions are indicated as red arrows. Only the chromosomes, where NAHR-prone regions and IRD genes overlap are presented. The full genome-wide map of NAHR-prone regions is presented in [Table S2](#SD1){ref-type="supplementary-material"}. The asterisk denotes IRD whole-gene CNVs reported in this manuscript for the first time.](nihms819557f4){#F4}

###### 

Deletions detected in the IRD families

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------
  Family        Deletion from SNP chip   Final deletion   IRD Gene affected                                                                    
  ------------- ------------------------ ---------------- -------------------------------------- ---------------------------- ---------------- -------------------
  **OGI-046**   chr2: 96741757-\         1.4 Mb           558                                    ≈chr2:96755045-97823903      ≈1.1 Mb          *SNRNP200, CNNM4*
                98188430                                                                                                                       

  **OGI-023**   chr2: 96688990-\         1.1 Mb           1099[\*](#TFN1){ref-type="table-fn"}   ≈chr2:96755045-97823903      ≈1.1 Mb          *SNRNP200, CNNM4*
                97765355                                                                                                                       

  **OGI-086**   chr19: 54604319-\        28.3 kb          34                                     chr19: 54602436-54636367     33,932 bp        *PRPF31*
                54632673                                                                                                                       

  **OGI-014**   chr6: 65604204-\         50.8 kb          36                                     chr6:(65659138-65658256)-\   ≈55.4--56.7 kb   *EYS (ex15-18)*
                65655039                                                                         (65602857-65602460)                           

  **OGI-036**   chrX: 153404608-\        15.6 kb          3                                      chrX: 153400587- 153453251   52,664 bp        *OPN1LW, OPN1MW*
                153420176                                                                                                                      
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------

This sample was analyzed using the Omni 5.0 SNP array
